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Introduction
Prophylactic treatment of hemophilia A with factor VIII (FVIII) is based on the assumption that an adequate plasma level of exogenous coagulation factor will protect the patient from bleeding. [1] [2] [3] The plasma level (or level vs. time curve) of FVIII achieved after an infusion depends on the dose and on the patientÕs pharmacokinetic (PK) response to it. Thus, regardless of whether PK calculations are performed or not, the clinician must consider interindividual variability in FVIII PK and adjust the dosing accordingly. Consequently, relationships between patient characteristics (e.g. age and body weight (BW)) and PK have been sought in order to serve as guidance to dosing. By application of PK principles, the dosage of FVIII required to reach any predetermined plasma level can then also be optimized for each individual patient [4] [5] [6] [7] [8] [9] [10] [11] .
Patient characteristics that show relationships with FVIII PK include age-dependent physiological changes [8] [9] [10] [12] [13] [14] [15] [16] and body size and composition [15, 17, 18] . Thus, weight-adjusted clearance (CL) of FVIII (i.e. in mL h )1 per kg) has generally been found to decrease with age and/or BW during growth from infancy to adulthood, with a corresponding increase in terminal half-life (t ½ ) [8, 12, 13, 15, 16] . However, variance in PK can arise for both true biological and technical or methodological reasons. The latter reasons for variance include differences among FVIII concentrates, methods for determining product potency and plasma FVIII levels, [7, 9, 18] and differences among protocol designs, especially as regards the choice of blood sampling times and the final data analysis [5, 7, [19] [20] [21] [22] . The initial aim of this study was to examine relationships between FVIII PK parameters and biological characteristics, in particular differences between young children and older children/adults, using data from three prospective studies on a recombinant FVIII (rFVIII). During the evaluation, methodological issues became apparent that merited an investigation of the effects of the blood sampling schedule and repeated PK assessments in addition to the influence of patient characteristics. Consequently, this report examines contributions of both biological and technical or methodological factors to observed variability in the PK data from the three studies. Implications for blood sampling and dosing in practice are also explored.
Methods

Study designs
The PK data from previously treated patients (PTPs) with moderately severe to severe hemophilia A (FVIII £ 2 IU dL study in pediatric PTPs (1-6 years of age) with a PK evaluation [15] ; 2 a prospective, multicenter, Phase 2/3 (pivotal) study in PTPs ‡ 10 years of age with two randomized, double-blinded, crossover PK comparisons [23] ; and 3 a prospective, multicenter, open-label, Phase 2/3 (continuation) study with a single-arm evaluation of PK after at least 75 exposure days (EDs) in only patients who completed the pivotal study.
Patients
All patients, or their legally authorized representatives, provided written informed consent. All 52 patients (1-6 years of age) in the pediatric study were included in the PK evaluation. Of 111 patients enrolled in the pivotal study, 100 (10-65 years of age) were included in PK evaluations. Of these, 34 participated in the continuation study and were included in the PK evaluation. None of the patients had a known history of inhibitors. The characteristics of the patients are shown in Table 1 .
Study procedures and treatment
All 52 patients in the 1-6-year age group received a single PK infusion with rAHF-PFM [15] . Of 100 patients in the 10-65-year age group, 16 received one infusion with rAHF-PFM and 83 received two infusions with biologically equivalent rAHF-PFM products, one manufactured at investigational scale and the other at commercial scale [23] . Of those patients receiving two infusions, 49 received infusions between 72 h and 30 days apart and 34 received infusions before and after at least 75 EDs. The PK blood sampling schedule was consistent with the recommendations of the FVIII/FIX Scientific and Standardization Committee of the International Society on Thrombosis and Haemostasis (ISTH) that permit a reduced schedule for children under 5 years of age [19] [20] [21] [22] . Doses of FVIII, infusion information and blood sampling times are given in Table 2 .
Pharmacokinetic calculations
FVIII activity assays were conducted at a central laboratory and PK parameters were essentially calculated as previously described [23] . The one-stage aPTT-based assay was used, and FVIII levels are expressed as FVIII coagulant activity (FVIII:C). Post-infusion FVIII:C levels were baseline-adjusted by the proportion of preinfusion to maximum (peak) level; that is, adjusted FVIII:C = measured FVIII:C · [1 -(pre-infusion FVIII:C/maximum FVIII:C)]. FVIII:C data from at least seven time points in the 10-65-year age group and at least three time points in the 1-6-year age group were required for subsequent PK analyses. The shape of each patientÕs FVIII:C vs. time curve was evaluated by one-or two-phase linear regression [24] . The rescaled-residual sums of squares of single-phase and two-phase cases were calculated for each patient and the model with the least residual sum was chosen to yield an estimate of t 1/2 . At least five data points were required for a two-phase regression and the second phase was based on at least three of these. Incremental in vivo recovery (recovery) was calculated by a standard procedure [21] from the maximal observed plasma FVIII:C level (C max ). Area under the curve (AUC) and area under the first moment curve (AUMC) were estimated by linear trapezoidal methods, with extrapolation to infinite time [7] . Weight-adjusted Factor VIII pharmacokinetics in children and adults 731 CL and volume of distribution at steady-state (V ss ) were then calculated from dose, AUC and AUMC by standard methods [7] . All PK parameters are reported using descriptive statistics. The impact of reducing the sampling schedule, as for the 1-6-year age group, on PK parameter estimation was evaluated by removing the 0.25, 0.5, 3, 6, 28 and 32 h postinfusion data points from the 10-65-year age group and then recalculating PK parameter values.
Statistical analyses
Variance component analyses were performed to assess intrapatient and interpatient variance on two repeated PK measurements. Multivariate linear regression analyses were performed to investigate the association between PK parameters and patientÕs characteristics. Because PK parameters were not normally distributed, values were log-transformed. The characteristics used as independent variables were age and ratio weight. The ratio weight is defined as actual weight divided by ideal weight for age and was chosen as the most suitable ageindependent body mass measure. SpearmanÕs correlations with age were calculated for three candidate measurements: body mass index (BMI), ratio weight, and ratio BMI (= actual BMI/median BMI for age). Among these, ratio weight showed least age-dependency and was included in the final multiple regression model. Ideal weight, which is very similar to lean body mass, was estimated for patients > 18 years as 50 + 0.9 · (height in cm for each cm above 152) kg [25] and for patients £ 18 years by the smoothed median curves between weight and age on the NHANES data [26] .
Implications of PK estimates for dosing during prophylactic treatment
The influence of different estimates of PK parameters (i.e. from three sampling schedules: 1-6-year-olds with reduced sampling, 10-65-year-olds with full sampling, and 10-65-year-olds with reduced sampling) on the dosage of FVIII needed to maintain a 1.0 IU dL )1 trough level was calculated. Regular prophylactic dosing every 2 days was assumed and the minimum (or trough) level, C min , was calculated using standard one-compartment PK according to: ) accounts for accumulation of FVIII during multiple dosing (i.e. some FVIII remaining from previous doses whenever a new dose is given). The dose required for C min = 1.0 IU dL )1 was calculated using various values for recovery and t ½ . For biphasic FVIII:C vs. time curves, calculations were performed using the data describing the terminal phase of the curve. For the calculation of annual FVIII consumption the median body weights of 16 and 68 kg were used (for the 1-6-and 1-65-year age groups, respectively).
Results
Patient characteristics and PK parameter values
Baseline patient characteristics are shown in Table 1 and PK infusions are described in Table 2 . No patient was excluded due to missing data points. According to the protocol, C max was only measured at the 1-h postinfusion time point for all (52) assessments in the 1-6-year age group. For patients in the 10-65-year age group who had all 10 postinfusion samples (174/184 assessments), C max was observed at 15 min postinfusion in 75% (130/174) of the assessments, at 30 min in 21% (36/174), at 1 h in 3.5% (6/174), and at 3 h in the remaining two assessments. Thus, in the 10-65-year age group, C max was found at 15-30 min in the majority (166/174) of study assessments. According to the curve-fitting criteria (which required at least five postinfusion values for two-phase linear regression), the FVIII:C plasma level vs. time could only be described by monophasic curves in the 1-6-year age group. In contrast, in the 10-65-year age group with the full sampling schedule, the curves were better described by biphasic functions in 163/184 (89%) cases (representative curves are shown in Fig. 1) . The median plasma level of exogenous FVIII:C at 48 h after the infusion was 2.5 (range: < 1.0-12) IU dL )1 in the 1-6-year age group and 4.4 (range: < 1.0-23) IU dL )1 in the 10-65-year age group. PK parameters are summarized in Table 3 . Overall, patients in the older age group showed a lower median weightadjusted CL and a longer median t ½ . Recoveries or V ss could not be compared directly due to the differences in sampling times.
Effects of sampling schedule on estimation of PK parameters
Reducing the sampling schedule in the 10-65-year age group to mimic that in the 1-6-year age group allowed only monophasic curves to be used to describe FVIII:C vs. time. It also resulted in lower estimates (P < 0.001) of all five PK parameters, for example in the 10-65-year age group the median difference in t ½ between the reduced and full sampling schedules was 0.80 (25th-75th percentiles: 0.38-1.5) h (Table 3) . Furthermore, when differences in PK parameters were compared between the 1-6-and 10-65-year age groups, 47% of the difference in C max , 45% of the difference in recovery and 38% of the difference in t ½ disappeared when the same sampling schedule was applied to both groups of patients.
Variability in PK assessments
For all PK parameters, the proportions of intrapatient (within the same patient) variance were much smaller than the proportions of interpatient (among patients) variance between two infusions that were from 72 h to 30 days apart, as well as between those that were ‡ 75 EDs apart (Table 4) . Weightadjusted CL showed the least proportion of intrapatient variance, while C max and recovery showed the greatest proportions. See Table 2 for reduced and full sampling schedules. Calculated from one PK infusion for each of 52 patients, each of which included all reduced sampling time points. àCalculated from one PK infusion for 49 patients and an average of two PK infusions for 51 patients, of which 10 were missing one or two time points (see Table 2 ). §Maximal concentration was observed at 15-30 min postinfusion for 96% of the assessments in the 10-65-year age group and was only measured at 1-h postinfusion in the 1-6-year age group.
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Effect of patient characteristics on PK parameters
Multivariate linear regression analyses were performed to assess associations among PK parameters and patient characteristics. The only significant correlation found in the 1-6-year age group was an increase in t ½ with age (P = 0.01), but not with ratio weight. t 1/2 was not correlated with age or ratio weight in the 10-65-year age group. However, in this group, C max and recovery significantly increased with both age and ratio weight (P £ 0.03).
In addition, weight-adjusted CL and weight-adjusted V ss significantly decreased with age and ratio weight (P £ 0.024). All model r 2 values were low, £ 0.31 and £ 0.13 in analyses for the 1-6-year and 10-65-year age groups, respectively.
Implications for dosing during prophylactic treatment
The influence of PK estimates on calculated dose requirements that intend to maintain FVIII levels ‡ 1 IU dL )1 during a prophylactic treatment regimen is shown in Table 5 . The recoveries were fixed at the median values for each of the three groups. Variance in t ½ had a large effect on dose requirements because patients at the lower (25th) percentiles would need approximately three times as much FVIII as patients at the higher (75th) percentiles. In contrast, a decrease in recovery from the upper to the lower percentile would only require a modest proportional increase in dose (23% and 34%, respectively). Calculations using the terminal parts of the biphasic curves (compare Fig. 1 ) yielded almost identical results for the 10-65-year age group.
Discussion
The use of PK for any clinical or practical purpose presupposes that reported findings are reproducible and comparable, that the PK is reasonably stable in an individual and that suitable methodology is available and applied. This report examines these assumptions using FVIII PK data from a large cohort of children and adults. The median PK parameter values in this cohort were in general agreement with earlier findings for rFVIII [9, 14, [27] [28] [29] . In all 152 patients (1-65 years of age) there was a 5-fold interindividual variation in weight-adjusted CL (from 1.6 to 7.8 mL h )1 per kg) and a 4-fold variation in t ½ (from 6.7 to 25 h), which gave a good range of data for investigating causes of variance. It can be reasonably assumed that a reduced blood sampling schedule in children would influence estimates of PK parameters [20, 22] as well as comparisons of PK parameters between children and adults. This assumption has to our knowledge never been tested using actual data. We found that methodological influences were as significant as the postulated biological correlates. Reducing the sampling schedule (from 10 to four postinfusion blood samples) resulted in significant changes in all estimates of PK parameters in the older children/ adults. The reduced sampling schedule underestimated C max and recovery, which can be expected because C max occurred at 15-30 min postinfusion for 95% of the determinations with the full sampling schedule and these time points were deleted with the reduced schedule. Blood samples taken up to 30 min after the infusion yielded similar C max values irrespective of sampling time. Therefore in clinical practice, recovery samples should be taken when convenient but within 30 min after the infusion.
Reducing the sampling schedule had only a minor impact on the estimates of CL and V ss . These parameters are based on AUC, and thus are more robust estimates compared with recovery, which is calculated from a single FVIII:C level, and also compared with t ½ , which depends on line fitting to various numbers of data points. In this context it must be pointed out that these findings were obtained using the one-or two-phase linear regression described by Lee et al. [24] and may not have been precisely the same with application of other curve-fitting methods.
Irrespective of whether the comparison was made with the calculations on the full or reduced data set from the 10-65-year age group, the recovery was lower, weight-adjusted CL was higher and t ½ was shorter in the 1-6-year age group. Comparing data from the two age groups using the same sampling schedule abolished substantial proportions of the apparent difference in C max , recovery and t ½ . These findings are consistent with discussions in the ISTH publications [20] [21] [22] on the methodology of PK studies. For product comparison studies, blood samples should be taken at 15 (or 15 and 30) min postinfusion in addition to the 1-h sample, while for the evaluation of prophylaxis in children the reduced sampling schedule recommended by ISTH may be used. Our findings confirm that these two study designs or blood sampling schedules yield results that are not directly comparable. Some patients had preinfusion levels exceeding 1 IU dL
FVIII:C (Table 2 ), which could in some cases be attributed to inadequate washout periods before administration of the study dose. However, the proportional baseline-adjustment method chosen in the data analysis (see Methods section) serves to subtract the declining FVIII:C level from a previous dose. The high preinfusion levels in some patients consequently did not affect the findings of this study. In order to use PK parameters for individual dose optimization they must be reproducible within a patient. Intrapatient variability in recovery or t ½ has been investigated and compared with interpatient variability in a few studies [16, 17, 23, 27, 30] . In the present report, similar results were obtained with short-and long-term repeated PK investigations: with 49 patients who received products that were manufactured at different facilities, using essentially identical processes and previously shown to be bioequivalent with respect to AUC and recovery, [23] within 30 days of each other and with 34 patients who received the same product before and after at least 75 EDs. In general agreement with previous findings [16, 23, 27, 30] , intrapatient variance was uniformly less than interpatient variance. C max and recovery showed the most intrapatient variability, followed by weight-adjusted V ss and terminal t ½ , while the most robust parameter, weight-adjusted CL, was highly reproducible. The reasons for these findings should be similar to those discussed for sampling reduction (above). Therefore, as previously pointed out, [7, 18, 21, 22 ] CL (and by definition AUC/dose) are the best parameters to compare products while, as also discussed before [5, 7, 18, 30] , recovery is of little use for this purpose.
Within each age group, only weak relationships were found between PK parameters and the biological parameters of age and ratio weight. In the 1-6-year age group, t ½ increased with age as previously described for these patients [15] . An increase in t ½ may be explained either by a decrease in CL or an increase in V ss (or a combination of both). In this data set, it appeared to be a combination of both, but the individual relationships did not reach statistical significance. In the 10-65-year age group, recovery and C max increased, and weightadjusted V ss decreased, independently with age as well as with ratio weight. Importantly, all r 2 values were low, which indicates that neither age nor ratio weight can be used as predictors of PK parameters in clinical practice. These must be determined in each individual patient if required clinically.
The dose estimations shown in Table 5 illustrate the large impact of variance in PK on the calculated dosing needed to maintain any predetermined trough level during prophylactic treatment. They also show that the impact of variance in t ½ is considerable while variance in recovery is of minor importance. The trough (48-h) level is defined by the terminal part of the biphasic curve. Consequently, very similar levels, and thus dose requirements, were estimated when the first part of the curve (including the measured recovery) was ignored.
In summary, comparison of the PK of FVIII between 1-6-and 10-65-year-old hemophilia A patients demonstrated some clear relationships with age. However, reduction of the PK blood sampling schedule could account for up to one half of the observed difference in some key PK parameters. Consequently, differences in blood sampling schedules should be taken into consideration when results from PK studies are compared. However, more important from a dosing point of view is that patient characteristics such as age and ratio weight showed only weak relationships with PK. The unexplained biological variance far exceeded that which could be attributed to known factors. Therefore, PK for dose tailoring cannot be predicted from these characteristics, but must be determined in each individual. The influence of reducing the blood sampling was also minor in comparison to the true variance between patients, both as regards PK parameter values and dose calculations. This suggests that a limited blood sampling protocol can be used in practice. Because intrapatient variability in PK is lower than interpatient variability, the determined PK parameters can then be assumed to be representative for that patient and thus be useful for dose tailoring of FVIII.
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